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control antiserum included on each plate. While this method does not give data in 
(he form of numbers of antibody-producing cells, the overall synthetic capacity of a 
cell population may have equal biological relevance. 



Materials and Methods 



Antigen and immunization procedure ^ 

Fowl gamma globulin (FGG) was purchased from Cappel Laboratories (Cooper 
Bionned.cal, cat. no. 0004-0910). This material was determined by gradient poly- 
acrylam.de gel electrophoresis to be greater than 90^ pure chicken IgG with minor 
contammation by « high molecular weight species probably corresponding to 19 S 
chicken immunoglobulin. 

Female ICR mice purchased from Harlan Sprague-Dawley were used in cell 
e.xper.ments at 8-20 weeks of age. Mice were immunized by intraperitoneal (i p ) 
mjeclion of 0.2 ml saline containing 100 ^g FOG and 10' formalin-fixed Bordcclla 
pertussis organisms. Where anamnestic responses were to be measured, the animals 
were boosted i.p. with the same mixture 1 month after primary stimulation. 

Cells 

Mice were sacrificed 1-2 weeks after primary or secondary immunization and 
spleens were excised and minced under sterile conditions. The cells were suspended 

u r"! V, solution and filtered through a sterile 110 um nvlon 

mesh filter (Nitex Tetco. Elmsford. NY). Cells were washed by centr.fugation fo^ 10 
mm at 400 X g and resuspended in 10 ml RPMI 1640 (Gibco) at 4°C containing lO'?. 
hea.-mactivated fetal calf serum, 150 U/ml penicillin and 150 Mg/ml streptomvcin. 
The same medium containing 1-5 Mg/ml puromycin (Sigma) was used in parJs of 
some experiments. Where purification of nucleated cells was done red cells were 
removed by layering 7 ml of the cell suspension over a Ficoll-Hvpaque gradient 
(H.stopaque 1077, Sigma) and centrifuging at 400 X g for 30 min: Elimination of 
antibody carryover was accomplished either by multiple washing of cells in media or 
by centrifugat.on twice through a 100% fetal calf serum gradient The latter 
procedure was accomplished by layering 7 ml of cells over 3 ml fetal calf serum and 
centnfugmg at 400 x g for 10 min. Lysates of cell suspensions were prepared by 
freeze_thaw.ngaliquots of cells in liquid nitrogen, sonicating brieHy in an ultrasound 
waterbath (Bransonic 32, Bransonic Cleaning Equipment Co.. Shelton, CN) and 
then cleanng the resulting suspension by centrifugation. 

ELISA for plasma antibody against FGG 

Ninety-six-well microtiter plates (Linbro) were coated overnight with 1 ^g/ml 
FGG in carbonate buffer (0.015 M Na.CO,, 0.035 M NaHPO,. pH 9.6). Plates were 
?wL"20 %r<;/'t" phosphate-buffered saline (Gibco) containing 0.05% 

lueen 20 (PBS/Tween) using an automated microtiter plate Multiwash (Flow 
Laboratories). Al.quots of dilutions of FGG-immune plasma made up in PBS/Tween 
were then added to the top row and serially diluted in the lower rows. Plates were 
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incubaied overnight at 4''C. Plates were then washed and 100 ^1 of biotinylated 
horse ani.-mouse IgG (Vector Laboratories) were added to each well. Following a 2 
h mcubation at 4<'C, plates were washed and 100 ;x I of a solution containing 
av>d,n-b.ot.nylated peroxidase complexes (ABC) (Vector Laboratories) were added 
to all wells After 30 min at room temperature plates were washed and colored with 
orthophenylened.amine in a vibrating room temperature water bath. The coloration 
buffer IS a citrate buffer (0.05 M citric acid. 0.1 M Na^HPO,. pH 5.0) to 100 ml of 
which IS added 40 mg o-phenylenediamine (Sigma) and 40 fi\ of 30% H,0, The 
reaction was stopped after 10 min with 100 ^1 2.5 M H,SO, and optical densities 
were read at 492 nm using a Titertek Multiskan microtiter plate photometer (Flow 
Laboratories). Standard errors of the means of triplicate readings are less than 10% 
of the mean values. We store and analyze ELISA data with the aid of a Commodore 
64 microcomputer (Commodore Business Machines) interfaced to the Titertek 
Multiskan. By means of a program which determines the dilution at any desired 
optical density endpoint assuming linearity between the 2 points bracketing the 
cndpomt, the d. ut.on of the standard antiserum and cells giving the specified optical 
density can be determined (DiRusso el al., 1985). 

Standard antiserum 

Pooled heparinized plasma Obtained from mice 4-8 weeks post-immunization was 
heat-inactivated and filtered through a O.Z^m filter. The antiserum produced a titer 
of approximately 20,000 on FGG-coaied microliter wells and essentially background 
readings on wells coated with an irrelevant antigen (bovine serum albumin). The 

P"°^ incubation with 100 ^g/ml 
soluble FGG before addition to the plate. The amount of specific antibody was 
determined to be approximately 40 pg/ml by radial immunodiffusion in agar 
agams. known concentrations of FGG in 8 replicaies. Concemrations of protein 
^vere determined by a Coomassie protein assay (Bio-Rad). Equal volumes of anti- 
serum and antigen solutions were added to die-cut wells in 0.6% agarose (Sea-Kem) 
containing 0,02% sodium azide. The plates were incubated for 48 h at room 
InTcSTrr ^ ^'""1''':^'^'^ 8^'^ -e^e then allowed to stand overnight 

le Th^r ; 1 thoroughly with deionized water and stained with Coomassie 
blue. The d.s^tance of the precipitin line from the central well containing antiserum 
was measured twice for.each of 8 replicates using an eyepiece micro?heter SinceT 
molecular weight of chicken IgG is 170.000 (Leslie and Clem. 1969), formation of a 
precipitin Une-at 50% of the distance between the 2 wells was taken to represen' 
equaUoncentrations of antibody and antigen (Williams. 1971). 

Modificaiiori df EUSA for cells 

Cells ^.ere. maintained at 40C before addition to plates, and addition was 

cen waTheV"n,'. ^ "k^"]- ''""^ '° ^^'^"^ ^ superna.an'from 

cell washes, plates were washed with PBS/Tween. The use of this buffer to wash the 

plates was "ot toxic to the cells since the antibody produced did not decrease from 

that observed if Tween was omitted. Two hundred microliters of cells at 1-2 x 10' 

nucleated cells/ml or lysates of the same suspensions were added in triplicate to the 
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Idded To the?l? n ""f''*' ^"oVacrs of ,he appropriate medium were 

usi^t/a i?chTnJ."'"^ 1?"^ performed on the plate 

usmg a 12-channel p.pet. Alternatively, dilutions were performed in a single tube 
and cells were then transferred to each row after each dilution. We foundTat the 
n he ,7 ' disproportionately h.gh rates of dec^lse 

.n the optica density readmgs which were apparently due to adherence of antibSy- 
^tanda/d"^ ant.gen-coated wells during serial dilution on the pla The 

orn. . . """'-t^?' in media in replicates on each plate anS used to 

quanutate anttbody production by cells incubated on the same plate The platls 

"hernd'^cJ'To theb mcubator .V w/re'then 

wastied and 100 /.I of the b.otinylated second antibody were added to each well The 
remam.ng steps were exactly as described for plasma antibody. 

Results 

Assay /or in vitro antibody production 

We found that antibody production by immune spleen and lymph node cell 
suspensions was readily measured by an ABC ELISA ^Fi^ u nZ\! k, 
experienced was the carryover of plasma anXd> in spt n cdl uspension^^^^^^^ 2 ,' 
Ehrrunafon of s.gnificant amounts of antibody in tEe supe natam f Z ^^'lai, 
Tn e.r" H^rr " ^^^l^^^hes in the case of anamnes.ically stimula ed s^ee^ ce^^^^^ 
hroun t of eliminating carryover, we found that cem iTugation 

:i;:;Sta^nniSferrst%f re;::!rr^^^ - -^.^^^ 

* v/.i^H grange U,U27-0.218) over a background reading of 0.073. 
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suspens.on to be a 1 : /oo dilu^'oTo/pfra I^S^;%:s:T::\to/:i^'' r 'I 
antibody remained in the final supernatant. °^ "'^ 

A second problem was the in vitro secretion of antibody bv the celh HnWno ,u 
lengthy process of preparing them for the ant-bod/as^y jLe cd^ 1" ,M 

Inhibition of antibody synthesis by puromycin 
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^ 3 ^ 5 , 

t/LOG{bcse ?) OfLUriON 

were serially d.lu.ed .n media on 1 ^^^^^ ^'^'''^'^ ^ i" ^P^' Cells 

<-) was preincuba.ed for 30 min in medium comai'^i" 5 a JZ ^""^ P""'"" 

Aliqucs frorn the firs, por.ion and a second pon?o„ (r)*.L:!ncla7edo„T "'^ "^^^ 

conlaming puromycin. The third portion (■) was incJb JIl t f Pl^'e .n medium 

seventh wash of .he untreated cells (O) wis als^ added r^h pra e'"" 
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-2onda,5S;r.L't^^;r^^^^^^^^ rrotn a mouse , wee. after 

presence of absence of 5 ^g/m puromvcin aHo-T u ° 

antibody content a. times 0 3. and 6 h A^ter 6 h Z °k r ' T",^ '"^ '>'^'« ""^y*" 

puromycin was found to b; almost idem a ( - 8oV) bv .'X °' ^"""""'"S 

reading represents the mean of 2 replicates tL S^^nt'ofTx Sn::l".rcel^^^^^^^^ 
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Quantitation of antibody production in vitro 

The standard control antiserum was used to quantitate antibody production in 
cell populations (F.g. 5). Since the amount of precipitable antibody in the standard 
IS known and equal amounts of bound antibody will give equal optical density 
readings, the ant.body produced by a given number of cells can be calculated 
Bound antibody m the subnanogram range can be quantitated using this procedure' 



Discussion 



The use of ABC reagents to increase the sensitivity of ELISA permits the direct 
assay of the rate of immunoglobulin secretion by immune spleen cells even at very 
low levels of ant.body secretion. The reagents used have a low background and 
non-.mmune cells do not contribute to readings. Among the advantages of this assay 
system are speed due to automation, reproducibility due to the use of standard 
immunochemical reagents, and sensitivity due to ABC amplification. Using the titers 
obtamed wuh the standard antiserum, the assay proved to be highly reproduc b e 
li/rn.rH'Tfn^""^"."'"'''^ conditions. Between run coefficSnfs of variation 
average about 10%. W.thm a given assay the standard error of the means of replicate 
values IS less than 10^ of the mean. The high degree of sensitivity permits smaH 
numbers of cells, for instance 1-2 x 10* immune spleen cells or lymph node eel Ho 
be assayed for ant.body production. The antibody titers obtained compared favorl° 
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approximaiely 100 pg/10^ nucieaicd cells. samples is 
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withr^l'^a?^^^^^^^^^^^ Producion .ay shu. down 

high numbers of cells (10*) amrb^v hI^ i ^' <'^^^> 'hat with 

even decrease after 4 h rLsT.nJ.n ''''^^ P'-«"" and 

(1966, Time course experim^n s trn; ,^^^^^^^^ observations by Van Fur.h 

.s secreted wuhin the firs. 3 h ofSre (Fif^^ system suggest that most antibody 
the presence of a low frequency inhibitorv rlfi '^h.s phenomenon could be due to 
of an inhibitory factor by B ce»s tm7elv^ Populat.on or perhaps to the secretion 
(1984). U is very I.kely, howeve ,ha. .htaon' T"^'^''"""'^^ ^^'^'^ 
production is dne to suboptimal cuhu ' c 'nd^^^^ immunoglobui.n 
prove useful in optimizing cul,.,r. .ZZ^""'''- " 'his technic ue should 

Studies using plasmacytoma TelHint h 'e v''',?'. ^>"'h«is- 
body-producing cell syntLsizes 1 ,0 " a^'bod H ''^^ ^ ^'"^'^ 

961; Humphrey and Fahey. 1961 nL^T' nH m"-"'^ ' ^ " "'''^'^ 
Illustrated in Fig 5 the soleen Z l' . ^ Makela, 1962). In the examole 
yelded ,00 X ,o' viable nt eat:d ceHs"? e^ef"^' " ^"^ 'er 
seen to be approximately 100 pg^fi h for tZ' f ""''^^ Production was 

antibody-secreting cells/spleen can Cestim/rW . K^"''"'''' """^^er of 

s a low but not unreasonable figure tXTrrm,,; ""^^ ''^'-'^^ Th.s 

20 days (Miller and Warner 1971) """""^ ^"P^"" lo FGG at 

car:ie;Vr:~ t"^^^^ a„,,^, 
amount can exceed by several 2 fnlH h i ! u "^^^ '"'■om Fig. 2. this 

plasma ant.body from'th^ imln ° ^ an mar M ^^f .P'-'^'l""^ by the cells. The 
over one million using the ABC 7e.„J '." ^ produced a titer of 

assay, where cells washes are usua«y camid out IT^^^'r "^'"^'y'- P'-''"- 
contaminating red cells (Jerne et aF 1974T one 1.? suspension of 

frequently the amount of plasma antibody far ex3 '^iT' '""^ conclusion that 
when they are plated out. This, th^n consthu.tr P^°duced by the cells 

variability which may be encountered wh- f ^ contribution ,0 the 

We acknowledge 'ha. the da^y Led by Zs'ai"' ' 
that produced in plaque assays UsinV ,hk it ^ '^^^''^ *'^> ^rom 

an..body.forming cells per unit of ce U on^^ - ^ ^'""^ °f 

be useful, however, in those instances whet '1'" "^f^'^ '^^nique may 

m the relative ari.ibody-produc ng capad « ^ ^^'^^'^ '"'^'•"'-^ 

specifically how many cells are iSvo^ved An add"l' ^"^P^"*'^"* and no. 
suggested by the apparent absorption of oltmf.nTi' '"'«'^^«'"g application .s 
Shown in Fig. 2. Measuremem ^ ".r-r.""^ 'he non 

-immune cells 

degradation might be conveni^n.l perfZe^"" ''^ "^'^'^ ^"^ non-specific 
t.ve inhibitors. The sensitivity of the EUsrlv f "°'"Pf'"'^« and non-competi- 
enjoyed by the plaque assay. However Tf rhe leverofTm" "'^ 
beheve that this method offers an atfri., , """'""'""on is sufficient, we 
assay. ^" attractive alternative to the hemolytic plaque 
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Conclusion 



olat L„ ^ P'^""^,*'^ '^^i'f '^"ring incubation on an antigen-coated microliter 
plate can be measured by ELISA using avidm-biotinylated peroxidase cor^Dlex 
reagents. The reproducibility of the technique is excelLt as'^sZn by tST low 
vanab.l.ty seen wuhin triplicate wells. The assay has low background reading 
approximately 006 on the Titertek Muhiskan. Despite the high degree o^rnsUivf.v 
there .s "O problem with non-specific contam.nat.on by intracellular perS e as 
ZlZT^ ', "^'"8 unfractionated naive spiLn celts ??.a 

ant.body detected .s due largely to release of in vitro synthesized antibody is shown 

sy'n;ht!;:"" °' '""""^ ^"'"^^ p"^^-"^^-' ^^^-^^f- inhibit 'o/Vrc::; 



Acknowledgements 

v.cHn/r"'^ '° ^^^^ assistance in preparing a pertussis 

Stl^sion' — -tion and to Dr. Irene Check for helpful sugfestfonTand 



References 



Askonas, B.A.. 1961. Biochem. J. 79 33 

Su^Xv /Hl'„tiT p''/''^'r"- ' '"^ sub™,iued. 

riumphre>, J.H. and J.L. Fahey, 1961, J. Clin. Invest 40 1696 

Jeme. N.K. and A.A. Nordin, 1963. Science 140 405 

W. N.K.. C. Henry. A.A. Nordin. H. Fuji. A.M.C. Koros and I. Leflcovi.s. 1974. Transp.an.. Rev ,8 

vr/S: i"iS.';i."X' n 13— 



*"m w r»:^ " 'A"- J"' ^^l^*^' inimunology and Immunochemis,r>, Vol. 3 eds C A Will 
M.W. Chase (Academic Press, New York) p. 212. * 



liams and 



0 



THIS PAGE BLANK (uspto) 



